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GENERAL SUMMARY
Purpose

This work was made to increase our knowledge on the connective tissue,
especially on the collagenous fibres, with the practical applications in mind.
Because the aim was not specified in more detail, the scope of the work
was rather broad with long-range expectations.

Results

1. Some essential features of the collagen structure have been revealed
by the comparative work on materials from various species and tissues.
A scheme of the relationships of different collagens is suggested. This
information can be utilized for the eventual modifications of collagenous
preparations (fibres, sheets, polymerizable macromolecules) on stability
(thermal or metabolic) or on physical properties (tensile strength, solu-
bility). v

9. Different techniques for the degradation of the connective tissue
have been worked out with the modern methods of protein chemistry. They
should be useful in further work on collagenous tissues and on gelatins.
A method has been developed for the independent estimation of @ frequent
dipeptide in collagen, prolyl-hydroxyproline.

3. Attention has been paid to the formation of collagenous polymers,
which involves both non-enzymatic and enzymatic phases. A part of ”cold-
insoluble” collagen dissolves at +40° already which indicates linkages of
varying strength in the supermolecular structure. The aggregation 1s
influenced by certain additions in very low concentrations (e.g., 1 mole
ethanol among 1000 moles of water). The active substances include alcohols,
amino acids, divalent cations and nucleoside triphosphates. The formation
of insoluble collagenous tissue in vitro is sensitive to aminoacetonitrile
and semicarbazide, presumably af the deamination of lysine. Calcium in
physiological concentrations and other cations as also non-collagenous pro-
teins are important in this process. The formation of insoluble collagen
occurs most efficiently in young animals. Knowledge on these phenomena
is important for the eventual design of collagenous materials to polymerize
in situ. Such synthetic products exist already for medical purposes

4. The work on the synthesis of collagen has an economic interest from
the point of animal husbandry and of the veterinary medicine. The turn-



over of collagen in @ living animal can be influenced by manipulations of
the diet, of the supply of oxygen, of the hormonal balance or by administer-
ing drugs. Practical applications might emerge in the application of
connective tissue components to the promotion of wound healing.

5. In the appendix relevant metabolic work with collagen-producing
tissues is presented to indicate biological aspects on the regulation of
fibroblast activities.

Future prospects

Considering the large investments made by the chemical industry on
the polymer chemistry, I feel that this grant has produced a satisfactory
return. The ways which Nature applies in handling collagen have to be
understood completely before its full economical exploitation. The goals
of the work on the utilization of connective tissue should be defined better.

At present the synthetic materials are cheaper almost for any purpose.
For example, for closing the wounds entirely synthetic alkylated
cyanoacrylates are gaining ground. When demand appears for a material
which should have the properties of collagen (variable thermal stability,
tissue compatibility, polarity, capacity to aggregation, mechanical
strength), a large specific research investment is justified. Meanwhile the
work motivated by the present ignorance should continue.



INTRODUCTION

Evolution of collagen has occupied a
rather conspicuous role in our studies but
also produced the most original results.
This was not so planned but our interest
was directed by an incidental observation.
Some essential features of collagen, also on
the supermolecular level, have been dis-
closed. The ”atypical” collagens of cartilage
and basement membrane are included to
a comprehensive scheme.

The chapter on the structure of collagen
refers to procedures of degradation which
are applicable to structural studies of the
insoluble connective tissue components.
Observations on the influence of age and
associated non-collagenous components are
enclosed.

Formation of collagen is initiated by
intracellular synthesis at the fibroblast
level and continued by the aggregation and

maturation. This kind of study seems to be
most rewarding in the future, also from the
practical point of view. In the production
of cattle, the cost of collagen in the carcass
should be assessed with reference to its
turnover which is much lower than, e.g.,
of musele proteins. Would it be possible
to decrease the turnover of collagen in skin
and bone, less food should be required for
the formation and maintenance of the
skeleton and body wall.

Regulation of the activities of the fibro-
blasts does not strictly belong to the project
sponsored by U.S. Department of Agri-
culture and is therefore presented in an
Appendix. Preliminary findings are in-
cluded in this report to stress the signifi-
cance of the biological aspects and to
suggest a direction of future research.



EVOLUTION OF COLLAGEN

Fibrous collagen

Our present ideas on the evolution of
collagen are summarized in two papers
(6,7). Fig. 1 shows the suggested divergent
evolution with certain approximations and
speculations. The original results are pres-
ented in the thesis of Dr. J. Pikkarainen

(8), in a report on invertebrates (9), in
a short manuseript of carbohydrates of
collagen (60) and in two congress reports
(10, 11). A. preliminary attempt with
CNBr-degradation of various collagens
(12) shows that further study on the pri-
mary struetures would be rewarding.

The main force of evolution has been
the trend to more stable forms, both ther-

Fig. 1. Scheme on the divergent evolution of the
collagen chains. (6). Key to numbering: 1 man,
9 monkey, 3 pig, 4 chieck, 5 frog, 6 flounder,

7 lamprey, 8 hagfish, 9 dogfish, 10 rayfish,
11 squid, 12 sea mussel, 13 sea anemone, 14 earth-
worm.

mally and metabolically. This has been
possible through the proportional increase
of the imino acids, which replace the orig-
inal serine and threonine residues. To
maintain the polarity of the amino acids in
the position Y in the sequence Gly-X-Y,
the hydroxylation of protocollagen proline
has developed. The present mammalian
«1-chain is the most stable.

The relationships of collagens can be
demonstrated on the basis of amino acid
composition (Table I). The larger the ex-
pected distance to the common ancestor,
the larger the difference in the amino acid
composition. Collagens can be grouped to a
tentative scheme (Fig. 2) which includes
also membranous collagens, secreted fibrous
proteins and elastin (61). Resilin and silk
fibroin (73) resemble the collagens of lower
vertebrates.

It is gratifying to note that Dr. E.
Miller from the Institute of Dental Health,
Bethesda, Md., has been able to isolate and
characterize a collagen from chicken carti-
lage in which all the three o-chains are
similar as we found in the skin collagen
from cartilagineous fishes. Details on the
homology of collagen chains will be clar-
ified by future sequence work.

Thus far the studies have been con-
cerned mainly with the structure of tropo-
collagen, although Dr. J. Pikkarainen gives
in his thesis (8) data on the superstructure
to show that there has been evolution in the
intermolecular bonding also (Table II).
That fraction of cold-insoluble collagen,



EINO KULONEN

TABLE I

Total variations in the amino acid composition of collagens from VArious SOUTces

Elastin, resilin and silk fibroin are presented for comparison. The method of calculation is explained
in ref. 7. The maximum of the value is 2000.

3 2 g
El = S g
. ) . b 5 £ & 2
Species and tissue o T 3 3 B g a s =
M o 8 @ 8 o= s & =& & 3§ £ *
= T ) 2 > o g a 3 @ 5 @ 2 @
5 ®» 42 £ & ¥ 5 & e T = & 8 [ =
S & &§ & B & 2 4 4 @& o A o A & @
Man, umbilical
[10) i R -—
Pig, skin ....... 43 —
Chick, skin ...... 76 71 —
Frog, skin ...... 166 165 142 —
Flounder, skin .. 200 195 170 62 —
Rayfish, skin .... 196 205 214 180 182 . —
Hagfish,skin .... 240 241 226 104 72 170 —
Lamprey, skin .. 166 165 138 54 60 166 96 —
Cattle, ant. lens
capsule ....... 251 257 270 344 383 317 406 344 —
Squid, body wall . 186 207 208 150 182 136 178 148 286 —
Sea mussel, byssus 247 246 273 234 282 163 276 250 276 151 —
Earthworm, body i
wall .......... 278 275 292 238 271 199 268 255 338 214 180 —
Sea anemone,
body wall .... 276 269 282 o590 200 181 297 266 277 137 132 213 —
Elastin . ........ 602 597 584 594 624 598 630 620 620 624 589 620 620 —
Resilin ......... 414 4925 458 314 316 332 974 350 511 348 316 354 391 658 —
Silk fibroin . .... 450 409 392 366 390 338 388 376 517 348 301 292 333 680 356 —
TABLE II

Resilin

Vertebrate,

Invertebrate,

fibrous ’

Invertebrate,
cuticular and secreted

Vertebrate,

membrane
Sitk
tibroin

Fig. 2. Mutual relations of collagens from various
species and tissues (61). Resilin, elastin and fi-
broin are included for comparison. Key to num-

bering: 1 man, 2 monkey, 3 pig, 4 chick, 5 flounder,

100 res.

6 frog, 7 hagfish; 8 lamprey, 9 dogfish, 10 rayfish, .

11 squid, 12 sea anemone, 13 sea mussel (byssus),
14 earthworm, 15 glomerular basement membrane
of dog (72), 16 anterior lens capsule from cattle.

Development of the resistansce to solvents and of
the thermal stability of collagens from wvarious
sources (8)

Ts thermal shrinking, T, thermal denaturation

temperature
- Thermal
Solubility* o
Species stability
+40° T8 Residue TpC Ts°C
Cow ...... 0.5 10.9 88.6 — 70—73
Calf ..... 2.7 76.0 21.3 374 68—T1
Guinea pig,
adult ... 9.2 74.9 15.9 37.1 —
growing . 4.2 91.2 4.6 37.3 —
Chick 6.0 72.5 21.5 40.7 64—67
Snake .... 2.7 32.3 65.0 L — -
Frog ..... 16.9 73.7 9.4 25.3 58—61
Burbot ... 69.3 24.1 6.6 19.8 —
Pike ...... 78.4 17.7 3.9 26.0 —
Hagfish .. 55.9 26.9 17.2 15.7 59—62
Lamprey .. 89.9 7.5 2.6 21.0 65—68

*in 9% of cold-insoluble collagen into 0.01 M
acetate buffer, pH 4.8.
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which dissolves at +40° (cf. p. 18) and

is not firmly cross-linked, is larger in ani- '

mals with low thermal stability of collagen.
In such cases a preliminary thermal shrink-
age is observed at +30—55° (8). The
evolution of the cross-linking would be a
worthwhile topic of future research. More
variability will be encountered on the
supermolecular levels than in tropocollagen.
On carbohydrates the knowledge is frag-
mentary as yet (60), but it is under intense
investigation elsewhere (73, 74).

The expectations on the evolutionary
work must be set for a long range, but that
does not mean that it would have no eco-
nomic or practical applications. The sus-
tained work would give clues (i) on the
essential features for collagens in various
structures (fibres, sheets, membranes) and
(#) on the eventual utilization of gelatins
as additional components in such struc-
tures, for example, to make them compatible
with living tissues. Properties of such semi-
artificial materials could be varied through

the proportions of the different compo-
nents. Collagenous materials from now
neglected products of Nature (e.g., of fishes
and invertebrates) might have unexpected
but useful properties. The byssus-collagen
of sea mussel, with its record-high thermal
stability, is a good example of the natural
modifications of collagen.

Basement membrane collagen

The common origin of membrane and
fibrous collagens is evident from the SLS-
patterns (Fig. 4) although clear differences
exist (62). On the amino acid compositions
the differences between mammalian fibrous
and basement membrane collagens are
rather large (Table I). The expected simi-
larity with the cuticular or secreted in-
vertebrate collagens is not very apparent.
Fig. 2 shows the “best fit” of membranous
collagens among other related proteins
(61).



STRUCTURE OF COLLAGEN

Composition and preparation of collagen
fractions

Collagen components. The collagen sam-
ples can be preserved, e.g., for transport in
ethanol at +5° (13). The separation of the
a- and B-components (14) by gel electro-
phoresis was applied also to preparative
scale (15). Combined with gel filtration it
is a very useful method for the separation
of various degradation products of collagen
(30; Fig. 8 below).

The temperature-dependent denatura-
tion and renaturation of the different
components of collagen have been demon-
strated and Tp estimated in very illustra-
tive way (Fig. 3) by Dr. T. Hollmén
(16, 17) with starch-gel electrophoresis in a
temperature gradient.

The preparation of various collagen
fractions from granulation tissue has been
worked out as also the separation and
purification of the polymeric fractions. The
apparently insoluble fraction was broken

Denaturation —

Fig. 8. Tllustration of the denaturation and rena-
turation of collagen components in starch-gel elec-
trophoresis at a perpendicular temperature gra-
dient (16, 17).

down to a- and B-components during fur-
ther preparation (18). The various collagen
fractions, separated on their solubility,
have a greatly variable component com-
position (19). Only the acetic acid-soluble
fraction contains polymeric units. The a-
and B-components differ at their salting-
out (20). At pH 3.6 both components pre-
cipitated (except some al-component) but
at pH 4.4 the ol- and «2-components were
partly left in the supernatant as also the
Bi.. These observations induce caution
against the indiscriminate use of the com-
ponent patterns in the characterization of
collagen preparations.

Basement membrane of the lens capsule.
The anterior lens capsule of cattle was
dissected, treated with ultrasonics and ex-
tracted to remove soluble proteins. Collagen
was solubilized with pepsin (1:200 in 1 %
acetic acid—O0.01 N-hydrochloric acid) at
+4°. The gel electrophoretic pattern con-
tains two strong bands, perhaps corre-
sponding to.the a-chains but not migrating
exactly at the same speed as the a-chains
from fibrous collagen. The bands show a
conspicuously greyish tint at staining with
Amido black. For the first time the whole
molecule of membrane collagen could be
reconstituted to SLS-particles. The electron
microscopy (Fig. 4) shows a charge profile
which resembles that of fibrous collagen
but with obvious differences (62). The
thermal denaturation temperature Tp was
34.6° and the thermal shrinking tempera-
ture Ty 52.5—54.5°C.
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ant. lens capsule

skin

Fig. 4. Electron microscopic patterns of SLS-
collagens of basement membrane from anterior
lens capsule of cattle and of calf skin (62).

Gelatins. The technical gelatin prepara-
tions are very complex and the conventional
jon-exchange methods yield very compli-
cated fractionation patterns (21). The early
work on the Amberlite (CG-50-fractionated
gelatins was continued in better controlled
conditions (22). The resulting elution
pattern depends, among other things, on
the temperature employed for the gelatini-
zation of insoluble collagen. The “"pH 5.5-
eluted” peak appears first after treatment
at +120°, when the gradient-peak domi-
nates. In extracts obtained at +65° and
+90° the NaOH-eluted peaks were max-
imal. Recognizable a-components were re-
leased at +65° only. ’

The amino acid compositions of the
different Amberlite CG-50-fractions resem-
ble each other but certain differences
should be noted (22). As expected, the
»pH 5.5-eluted” fraction is most acidie.
The NaOH-eluted fractions contain relati-
vely much imino acids, especially non-
hydroxylated proline (in the position next
after glycine), but remarkably little lysine
and no hydroxylysine (Table IIT). This
fact was not noted in the paper, but may
indicate that lysine is bound in the cross-
links. These fractions should be investigated
further applying the new methods to demon-
strate lysine-based cross-links (75). In any
case, those fragments which are eluted first
with NaOH differ from the average col-
lagen by the amino acid composition.

TABLE III

Contents of certain amino acids in gelatin fractions
obtained by Amberlite CG-50-column chromato-
graphy (22)

The figures express residues per 1000.

Eluted by
. . Eluted A Eluted
Amino acid radient
atpH55  §ocl by NaOH
Hypro .....-- 109 106 108
Pro .coceeenee 113 115 132
Gly ..ovovveens 350 349 359
Hylys ........ 2 3 0
Lys cooeevenns 28 24 15
Acidic residues 128 112 120
Basic residues . 69 78 51
Hypro/Pro . .. 0.97 0.91 0.82
Imino residues 222 220 240
OH-groups ... 162 165 164

Determination of prolyl-hydroxyproline.
When collagen was analyzed for its earbo-
hydrate components by gas-liquid chro-
matography, an unexpected peak (Fig. 5)
emerged which could not be identified with

_

Fig. 5. Gas-liquid-chromatographic patterns of
trimethylsilylated partial hydrolyzates of collagen.
The shaded peak X, is the TMS-derivative of pro-
lyl-hydroxyproline (63).




STRUCTURE AND METABOLISM OF COLLAGEN

any sugar (23,63). Incorporation experi-
ments in vivo indicated that it contained
the label from proline. From the reac-
tivity with silylating agents and from
the behaviour in ion-exchange columns it
was inferred that the material could be
converted to a form which did not earry
free amino or carboxyl group but con-
tained an OH-group. The unknown com-
pound was thought to be the diketopipera-
zine of Pro-Hypro which was confirmed by
the comparison with the synthetic substance
with infrared and mass spectroscopy. Ex-
periments with gradual hydrolysis of ge-
latin at various conditions showed that Pro-
Hypro is totally liberated in 3—4 h at
+100° in N-hydrochloric acid but itself is
hydrolyzed very slowly (about 10 % in
10 h). With the use of internal standard
it is possible to determine the peptide Pro-
Hypro in any sequence. This procedure
may be applied also as an analytical tool
to follow the hydroxylation of protocollagen
proline and in the estimation of the urinary
excretion of Pro-Hypro.

Degradation with pepsin

The pepsin-digest of soluble rat-tail-
tendon collagen gives a characteristic
starch-gel electrophoretic pattern (1), if
the treatment is done above +30° (24, 25).
The «2-chain is more susceptible (26). The
electrophoretic pattern is remarkably con-
stant (27) after the treatment for several
hours indicating that in collagen helix there
are certain pepsin-sensitive points but that
the majority of the bonds are relatively
stable.

Combining various purification methods
it has been possible to separate several
fragments in pure form (28—30), renatu-
rate five fragments to SLS-form and locate
four of them in the tropocollagen macro-
molecule (30, 31, 64). The fifth (Fig. 10D)

is the shortest fragment of collagen which
has been ever renatured (about 200 &) but
it could not be located (Fig. 6—10, 64).
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Fig. 6. Preparation of the fragment o' by rechro-
matography of the first Sephadex-G-200-fraction
(30). The corresponding gel-electrophoretic pat-
terns are presented for comparison.
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the material obtained in the peak V from Se-
phadex-G-200-column (30).
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Fig. 8. Final purification of fragment D. The
material from the shaded area in the pattern illus-
trated in Fig. 7 is refractionated by preparative
electrophoresis (15, 30). Fragment A also is electro-
phoretically homogenous, but it can be divided
into two subfractions by CMC-column.

A B

Fig. 9. Location of the fragments D (top) and
o (below) in the tropocollagen molecule (31).

In the eourse of this work we separated
by phosphocellulose chromatography pep-
tides which do not belong to the helical
backbone of collagen but rather to the
acidic structural proteins (Table IV). This
procedure affords a novel approach to these
widespread components of connective tissue
(76, 77) which may be important in the
future developments (see also next para-

Tig. 10. Location of smaller pepsin-liberated frag-
ments in the tropocollagen molecule (64). In the
part A, fragments b (< B) and ¢ (< O) are lo-
cated beside SLS-tropocollagen. The length of the
arrow 1000 A.

graph). These pepsin-liberated fragments
resemble by amino acid composition the
non-collagenous proteins reported in the
literature (78—80). There is some similar-
ity also with the telopeptide fraction, but
discrepancies exist in regard to threonine,
valine, phenylalanine and tyrosine.

For the sequence work there are now
more exact chemical methods available for
degradation. However, the enzymatic de-
gradation will be useful in the studies on
the supermolecular, especially densely
cross-linked structures, perhaps in combina-
tion with gradual thermal degradation.

Associated mon-collagenous proteins

Dr. A. Rajamiki has isolated and puri-
fied (Fig. 11, 12) from granulation tissue
a group of heat-resistant glycoproteins,
which are electrophoretically homogenous
at wide pH-range and have a composition
resembling the acidie structural glyco-
proteins by amino acid composition (Table
1V, 32, 65, 76—380). No hydroxyproline or
hydroxylysine was detected, but abun-
dantly tyrosine and phenylalanine, as also
various hexoses and hexosamines. The sedi-
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TABLE IV

Amino acid composition of certain non-collagenous peptide fragments from rat-tail tendon and
) experimental granuloma (64,65)
The figures for S-200-VII-subfractions (30) are obtained by first estimating the contribution of
collagen on the basis of hydroxyproline value and the remainder adjusted as residues per 1000.
PC subfractions obtained by phosphocellulose column chromatography.

Sephadex-G-200-VII-

Non-colla-

2 : 3
subfractions of pepsin- genous 11‘£§Ff1 ItJrea;- a "PPL-3” lifl’)epszn-d

Amino digested rat-tail tendon protein . © extracte of nasal erate
acid from interverte- protein of cartilage telo-

PC- PC- PC- granuloma bral disc  rat-skin (79) peptide
(1+2) 4 5 (65) 79 76) (80)
Hypro .. 0 0 0 0 0 0 0 0
Asp .... 109 98 126 99 103 93 68 95
Thr .... 35 27 35 62 58 51 60 0
Ser .... 77 62 59 57 65 55 127 49
Glu .... 134 169 128 123 107 156 132 141
Pro .... 176 108 66 66 67 41 89 82
Gly .... 143 101 108 82 100 83 126 144
Ala .... 66 39 62 71 68 89 83 33
3Cyss 0 1 8 - — 14 tr 0
Val .... &3 36 42 71 59 55 63 0
Met .... 13 3 3 17 25% 29 3 0
Tleu .... 36 27 27 48 38 55 40 0
Leu .... 86 84 69 92 86 98 84 128
Tyr .... 63 72 54 31 33 29 11 144
Phe .... 104 56 30 36 41 34 34 115
Hylys .. 0 0 0 — 9 0 0 0
Om .... 0 0 0 - 2 0 0 0
Lys .... 5 62 79 62 42 58 29 10
His .... 0 8 25 20 19 16 19 20
Arg .... 0 47 79 61 35 31 33 39
Trp ... — -— — 13 — —
Unknown. + -+ + * ++ — —_ —

* includes cystine; tr traces

8

e

EXTINCTION AT 280nm

o

—87 rhl—-—-—*-l25ml4-34..m|-0—'6n1 l——t

UN

mentation coefficient is 3.1S and the iso-
electric point about pH 4.2. Three similar
collagenase-resistant fractions were obtained
also from skin, one of them obviously elas-
tin. The skin of an old rat contains more of
this fraction, and it is related to the two
fractions of insoluble collagen (cf. p. 18),
which dissolve at different temperatures.

The role of proteins of this kind in the
formation of stable collagen is not yet
understood. They seem to enhance the
aggregation of collagen in wvifro (unpub-
lished results).

Fig. 11. Fractionation of the non-collagenous ma-
terial from granulation tissue by DEAE-column
chromatography. The two fractions can be sepa-
rated in preparative scale (65).
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CHONDROITIN
SULPHATE

AMIDO ALCIAN PAS
BLACK BLUE

Fig. 12. Electrophoretic patterns on cellulose
acetate membrane of the material obtained in
DEAE-cellulose column chromatography referred
to in Fig. 11. The contaminations with Alcian
blue-positive material is revealed (65).

Effect of age on the structure of collagen

When the gelatinization of insoluble
gkin collagen was made at +100°, the
material from young guinea pig yielded at
the Amberlite CG-50 fractionation more
"pH 5.5-eluted” material than the corre-
sponding preparation from adult rats (33).
The main fraction was in both cases gra-
dient-eluted. The NaOH-eluted fractions
were larger when the collagenous material
originated from old animals. Combinations
of these methods (extractions at -various
temperatures, Amberlite CG-50 and phos-
phocellulose chromatography) can be uti-
lized in order to isolate those fragments
of collagen which have been influenced by
age-dependent processes, for example, on
the cross-linking.

The “cold-insoluble” collagen can be
divided into two fractions (34) (¢) not or
weakly cross-linked, gelatinizable at +40°
and (#) firmly cross-linked which dissolves
first at about -+80° as breakdown products.
The fraction extracted above +70° contains
less of the reactive aldehyde groups. The
first fraction, with the weaker cross-links,
is proportionally increased with the age.
The insoluble collagen of the younger ani-
mals contains more associated hexosamine
than that of the old animals (35).
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Fig. 18. Extractability of insoluble collagen from

the skins of rats of various ages at various tem-
peratures (34).
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Fig. 14. Proportions of the two components of
insoluble collagen in skins of rats of various ages
(84). ISC; collagen extractable above +80°.

When insoluble collagen from chick
embryos, pretreated with labelled proline,
was gelatinized and then fractionated with
Amberlite CG-50 column, the »pH 5.5-
eluted” fraction was the most radioactive
(36), indicating that it arises from the
surface regions of the fibres which have
been most degraded during the Jongest con-
tact with the extracting solution. The
metabolic heterogenity of insoluble collagen
should be stressed.
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Synthesis of collagen

Molecular biology. The report on the
first grant period (1) contained data on
the three metabolic phases in collagen-
synthetizing granuloma tissue (37 ), which
experience has been reviewed elsewhere
(38). The remarkable point is that the
periods of cellular proliferation and col-
lagen synthesis can be separated at various
experimental applications (66).

The synthesis of collagen is disturbed
by some antibiotics which affect protein
synthesis (39) as also by substances which
inhibit the synthesis of nucleic acids (£0),
although it is not known whether fibroblasts
differ in the sensitivity from other cells.
Dr. J. Ahonen has been able to prepare
from the fibroblasts fractions of RNA which
could be the "messenger-RNA” of collagen
(41). The nuecleotide compositions of those
fractions are changed during the period of
collagen synthesis (42). We have not been
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Fig. 15. Specific radioactivities of ol1- and o2-
chains as function of time (35).

able to demonstrate a synthesis of collagen
by homogenate in vitro (43).

As an incidental finding it may be
added that the turnover of a2-chain is
faster than that of «l (35), which is also
more stable metabolically (Fig. 15) (ef.
p. 10).

Amino acids, lactate. The synthesis of
collagen depends on the extracellular con-
centration of proline and glutamic acid
(44) (Fig. 16). In our system the other
amino acids are not limiting. The formation
of proline from glutamic acid coincides
with the period of collagen synthesis in
the slices. Data have been collected but not
yet analyzed on the intracellular concentra-
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Fig. 16. Requirement of extracellular proline for
the protein synthesis in the granulation tissue
(44). O Hydroxyproline, @ gelatinized protein,
A non-collagenous protein, y.... different
methods for the preparation of the samples.
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tion of amino acids in the fibroblasts at the
different developmental phases. _
Glucose is necessary for the synthesis
of collagen and the maximal produetion of
lactic acid coincides with the capacity of
collagen synthesis in vitro (37, Fig. 17).
Obviously the redox-balance is important

TABLE V
Effect of added lactate on the incorporation of
glutamate to collagen in granuloma slices (44)

The activities are expressed in counts/min/100 mg
of slices. The %-effect of lactate is given in the

parentheses.
Lac- Collagen
Precursor tate (hydroxy- Non-colltagenous
mM proline) protein
Glutamie
acid,
0.72 mM 0 870 84600
10 1220 (+40 %) 139100 (+65 %)
Glutamic
acid,
1.42 mM 0 1170 ‘114200
10 1680 (+43 %) 157000 (+37 %)
Glutamie
acid,
2.87 mM 0 1290 . —
10 1620 (+25 %) —
Proline,
2.87 mM 0 22890 288800

10 29580 (+29 %)

316200 (+10 %)

for the synthesis of collagen. The transport
of proline to cells is shown to require in
micro-organisms the presence of lactic acid.
The conversions of a-ketoglutaric acid first
to glutamic acid and then to proline are
dependent on the redox-state, as also the
hydroxylation of protocollagen proline. In-
deed, the effect of lactic acid on the syn-
thesis of collagen can be demonstrated
directly (44, Table V). Similar results have
been obtained also by Comstock & Uden-
friend (81) with fibroblast culture.

Collagen fibres

Aggregation. An extensive series of
aggregation experiments has been made in
various conditions according to Gross &
Kirk (82) by following the turbidity of
precipitating tropocollagen as a function of
time (67a,b).

The aggregation is strongly pH-depen-
dent, modestly accelerated by added gelatin.
All aleohols retard the aggregation even in
molar concentrations of 1:1000 in water.
The effect is increased with the chain
length, but is independent on the concentra-
tion of eollagen. Organic acids accelerate
the aggregation at molar concentrations of
1:1000—400 but retard it at higher con-
centrations. All the amino acids accelerated
the aggregation with the exception of pro-
line and hydroxyproline (Table VI). The
effect of serine was the same as that of
alanine.

As known previously (82, 83), urea and
arginine retarded the aggregation, and
benzoylarginine and the enzyme substrates
benzoylarginylamide and benzoylarginine
ethyl ester even more. These experiments
were made to test the hypothesis that col-
lagen may form intermolecular complexes
analogously to the binding of serine en-
zymes Wwith their substrates. The results
support but do not prove the hypothesis.
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TABLE VI

Effect of hydrozylic compounds on the aggregation
of tropocollagen (67a,b)

The relative time interval to the formation of the

half-maximal turbidity is given (at no addition
t3 = 1.0). Cf. Fig. 18.

Molar ratio of additive to water

Addition

1:1000 2.5:1000 5:1000
Methanol ...... 1.0 11 1.2
Ethanol ........ 1.2 1.8 3.3
Propanol-l ..... 15 3.2 >4.0
Butanol-1 ...... 2.1 >4.0 >4.0
Pentanol-l ..... 2.2 >3.8 —
Ethandiol-1,2 ... 1.2 1.5 2.7
Propandiol-1,3 .. 1.6 3.6 >4.0
Butandiol-1,4 ... 1.9 >4.0 >4.0
Glycerol ....... 14 2.5 >4.0
Sorbitol ........ 1.6 6.1 —
Serine ......... 0.7 0.4 —
Threonine ...... 0.8 0.6 —
Hydroxyproline . 1.1 1.2 1.3

Sodium and potassium ions had little
effect, but other cations tested (Li, Ca, Mg,
Sr, Ba, Co) retarded the aggregation very
strongly (Table VII). Mono-, di- and tri-
phosphates all accelerated the aggregation
but, surprisingly, ATP retarded it (Fig.
18).

The material will be treated with the
help of a physicochemist and crystallo-

TABLE VII

Effect of cations on the aggregation of tropo-
collagen (67a,b)
The experimental arrangement is the same as
referred to in Table VI and Fig. 18.

Molar ratio of additive to water

Addition

1:1000 2.5:1000  5:100
LiCl .ovvrnnnn. 14 2.7 >7.3
KCL vovvennnns 1.0 0.8 0.6
NaCl «........ 11 1.0 0.8
CaCly «.ovnnn.- 2.4 >7.3 —
MgCly . oovnnnns 3.4 8.0 —
e T 7.1 S7.3 —
BaCl, ......... >7.3 — —
CoCly +vvvrnnn- 0.6 2.4 >7.3

Fig. 18. Retarding effect of added ATP on the
aggregation of tropocollagen (67). Note the in-
crease of ti — time interval to the half-maximal
turbidity at increasing concentrations of ATP.

grapher. As the model we will use, first at
least, Wood’s formulas on the nucleation
and growth of collagen (84 a—c).

Maturation to insoluble form. Most of
the work has been done by Dr. E. Heikki-
nen (35, 45 a,b). The maturation is more
effective in young animals (Table VIII,
35).

TABLE VIII
Effect of age on the incorporation of proline into
collagen fractions of rat skin (35)

NSC neutral salt soluble collagen, ASC acetic acid-
soluble collagen, ISC insoluble collagen.

Age Hydroxyproline NSC NSC

& (cpm/g fresh skin) ASC  ISC
6 days ...... 17 560 25.2 11.8
8 weeks . .... 11 440 59.3 79.0
6 months 8 860 257.0 565.0

Calcium ion is necessary for the forma-
tion of insoluble collagen (Fig. 19). Other
metal cations could be listed in the follow-
ing order of decreasing efficiency: Co >
Cu > Au > Ni > Fe** > Cr > Ca >
Fe* > Al > Bi > Pb > Sn > Sr >
Ba,MgMn > LiNaK (34, 45 b). The car-
bonyl-fixing reagents as semicarbazide in-
hibit the formation of insoluble collagen
in vitro (34).

During the assay of the “maturation”
(45 a, 68) thin strips of skin from 2 month-
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Fig. 19. Requirement of Ca* for the formation
of insoluble collagen in vitro (34).

old rats pretreated with labelled proline are
incubated with a skin-homogenate from 4—6
day-old rat. The strips are rinsed and
their collagen fractionated to neutral salt-
soluble (NS) and insoluble (IS) fractions.
The ratio of specific radioactivities IS/NS
is used as the index of “maturation” (Fig.
20). Thus far the method is tedious, but
it may have some advantage in the studies
on the significance of tissue components
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Fig. 20. Demonstration of the formation of in-
soluble collagen (IS) from neutral salt-soluble
collagen (NS) (68).

in situ, especially in regard to the non-
collagenous glycoproteins which are asso-
ciated with collagen in insoluble structures.
The enzymic reaction itself depends pre-
sumably on the deamination of lysines to
the corresponding aldehyde (85 a, b), but
the limiting factors in the tissues are not
known.



APPENDIX*

REGULATION OF FIBROBLAST ACTIVITIES

Experiments mainly in vivo

Production of fibroblastic tissue. The
various methods to study the fibroblasts in
solid tissue have been especially elaborated
(38, 66). The formation of collagen-produc-
ing colony of fibroblasts, i.e. experimental

granulation tissue, can be provoked by .

steel-wire net to avoid artificial temporal
effects. Even then there is a lag period
before the synthesis of collagen as in the
sponge-induced granuloma and the peak of
the lactic acid formation coincides with the
peak of the collagen synthesis. One-dimen-
sional growth of the fibroblasts can be
observed with an implanted sponge-filled
tube, where the zones of connective tissue
penetration can be noticed. The growth in
such a tube is limited but can be stimulated
by a cut through the recently developed
tissue (Fig. 21). The mechanism of the
stimulation to proliferate is unknown. The
tube granuloma can be applied to testing
the effects of substances which would be
washed away from the implanted sponge.
Age. The age of the animals, from which
the fibroblasts originate, influences their
metabolism (46, 69). In general, fibroblasts
of a younger generation pass all the fune-
tional phases (proliferation, collagen syn-
thesis, involution) more rapidly and per-
form the metabolic activities with higher
intensity per cell. The rate of the cell proli-

* Not a part of the project UR-E8-(60)-17.
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Fig. 21. Effect of cutting the granulation tissue
at the indicated level during its development into
a tube. The shaded columns and solid lines indicate
the non-operated control, the open columns and
dashed lines the operated granulomas (66).

feration is not generation-dependent but
rather the translation of the genetic in-
formation to the synthesis of enzymes as
also of structural proteins as collagen.
Hormonal effects. The hormones of
adrenal cortex have a especially strong
effect on the formation of collagen in vivo.
We are convinced that the synthesis of
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Fig. 22. Effect of oxygen tension in the breath-
ing gas on the formation of the tensile strength in
the healing skin wound (52).

collagen itself is not affected but rather
the development of the fibroblasts (1, 47).
The effects of hypophysectomy and growth
hormone have been studied in detail by Dr.
M Valavaara with growing animals (48,
49) The positive significance of growth
hormone and also of thyroxine on the
synthesis of collagen are obvious, especially
on the amounts of the soluble forms.
Oxygen supply. Dr. J. Niinikoski has
studied particularly the effect of the com-
position of the breathing gas on the forma-
tion of collagen (50—54). There is an opti-
mal supply of oxygen (Fig. 22) and above
that appear toxic manifestations (51, 54).
We believe that the mechanism of the bene-
ficial effect is related, partly at least, with
the increased formation of RNA in the cells
(52, 53) (Fig. 23), accompanied by an
accelerated differentiation of the protein
synthesis in the fibroblasts. Studies on the
mechanism of the toxicity will be pursued

further both in the lung and in the granula-
tion tissue.

Irradiation. The local irradiation of
collagen-producing granulation tissue re-
sults in a decrease of the soluble forms of
collagen but, in econtrast, the insoluble
fractions increase (55). There are tempo-
rary changes also in the DNA-fractions:
there appears a more soluble form, presum-
ably a breakdown product.

Glycosaminoglycans, calcification. The
study on the content and metabolism of
glycosaminoglycans in relation to the for-
mation of collagen fibres in the connective
tissue has been initiated (56). Especially
keratan sulphate and acid glycoprotein
fractions seem to be attached to the insoluble
collagen. An interesting point is the short
biological half-life (57). The composition of
the fracture callus and the subsequent bone
has been studied and the calcification fol-
lowed (58). The supply of oxygen, either
hypoxia or hyperoxia, affects the calcifica-
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Fzg 23. Effect of oxygen content in the breath-
ing gas on the formation of RNA per cell (52).
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tion more than the synthesis of muco-
polysaccharides or collagen in the cartilage
(70).

General effects of mesenchymal reac-
tion. A mesenchymal reaction, also in the
form of an experimental granuloma, is
reflected in the whole body. During the
collagen synthesis in the granuloma the
urinary excretion of methylated purines
increases (59a). It is under investigation
whether the methylated purines originate
from granuloma itself or from other tissues,
for example, liver. The effects of cell
proliferation (chronie inflammations, preg-
nancy or malignant growth) on plasma
protein fractions may be due to similar
indirect mechanisms. The development of
the experimental granulation tissue induces
an elevated level of protein-bound hydroxy-
proline in plasma (59b) but little change
is seen in the urinary excretion of hydroxy-
proline.

Experiments mainly in vitro

On the method. We are convinced
on certain advantages of slices of granu-
lation tissue over fibroblast culture as
a research tool. The contacts of the cells
to other cells and to surrounding macro-
molecules (collagen, glycoproteins and acid
mucopolysaccharides) are kept intact and
their regulatory effects maintained. The
variations of experimental granuloma are
suitable for studies (¢) on the kineties of
a fibroblast population, (4) on the produec-
tion of collagen and other components of
connective tissue, (¢it) on the relation of
cell proliferation to the synthetic fune-
tions and gene expression, () on the
differentiation and phase sequences in the
synthesis of various proteins, (v) on the
reparation and wound healing, (vi) on the
effects of physiological manipulations (e.g.,
supply of nutrients and of oxygen) and of

physical factors (e.g., irradiation), and
finally (wit) on the actions of poisons and
drugs.

Serotonin and indole compounds. A
series of connective tissue-active drugs has
been studied with the incubated slices of
granulation tissue on the incorporation of
proline to collagen and other proteins. Se-
veral welknown anti-inflammatory sub-
stances (acetyl salicylate, myochrisin, ami-
nophenazon) are quite inactive, but phenyl-
butazon and indomethacin instead very
effective in suppressing these cell functions
in concentrations of 10-3M-—10*M. The
point of interest is that also other sub-
stances with indole nucleus, e.g., serotonin,
affeet the fibroblasts (86) and this is eon-
firmed with granulation tissue slices (Fig.
24) (71). We know from the literature that
even indole itself inhibits the synthesis of
acid mucopolysaccharides in cartilage. At
low concentrations (10-M—10-°M) both
serotonin and indomethacin stimulate the
synthesis of collagen (but not of other
proteins) in granulation tissue slices.

The point of further interest is that
neuraminie acid is claimed to be a receptor
of serotonin. The interesting chain of events
from serotonin (indole compounds) through
neuraminic acid to collagen synthesis is
thus far unknown in detail.
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Fig. 24. Effect of indomethacin and serotonin in
various concentrations on the incorporation of
proline into collagen in granuloma slices. The
respective control level =100 (71).
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TABLE IX

Effect of pretreatment of mature granuloma slices
with various enzymes on the subsequent incorpora-
tion of proline to collagen and other proteins (71)

The figures express % of respective controls.

A. Collagen B.Non-
Addition (hydroxy- collagenous Ratio
proline) protein A/B
Hyaluronidase .. 87 78 11
. .. T3 112 0.7
Papain ........ 54 42 1.3
g eeeeeees 97 70 14
by eeeeenes 100 66 1.5
Trypsin .......- 42 24 1.8
Neuraminidase

(n=19), several
preparations of

various origin .. 64.0=4.6%% 107.4+7.1%* 0.62*

* difference from 1.00 significant, P <0.001;
#* Jifference between A and B (non-independent
pairs) significant (P < 0.005).

Pretreatment with neuraminidase. Be-
cause the charges of acid mucopolysaccha-
rides seem important for the regulation of
the functions of the fibroblasts, the acidic
groups on the cell surface due to neura-
minic acid were modified (71). After ex-
periments with several neuraminidase pre-
parations it can be concluded, that neu-
raminidase-treated fibroblasts synthatise
much less collagen than the controls but
that the synthesis of other proteins is
not affected (Table IX). Thus the neura-
minic acid-containing moiety in the cell
wall is on the receptor which regulates the
gene expression and affects specifically the
synthesis of a single protein. This is in
agreement with the suggested role of glyco-
lipids in the transformations of virus-
treated fibroblasts.

Ouabain, electrolyte concentrations.
Ouabain, which inhibits the K, Na-activated
adenosine-triphosphatase in the cell wall,
disturbs the synthesis of collagen especially
(44) (Table X). A perhaps related effect
can be demonstrated by the variations in

TABLE X

Effect of ouabain on the incorporation of proline
to collagen in mature granuloma slices (44)

The figures express % of respective control.

Ageof A.Collagen B.Non-

granuloma Conen. (hydroxy- collagenous lff/tli;
days proline) protein

7 10 65 73 0.89

7 10-® 15 33 0.45

20 10+ 57 93 0.61

21 10 64 95 0.68

20 10-® 41 — —_

the concentrations of sodium and potassium
which both are necessary and their total
concentration is also significant. The re-
markable point is that the synthesis of
collagen is affected much more than the
synthesis of the intracellular proteins
(Table XI). As a conclusion it may be
stated that the synthesis of collagen de-
pends on the metabolism on the cell wall
in somewhat specific way.

Lipoproteins  and immunoglobulins.
When granulation tissue slices were in-
cubated in Krebs-Ringer-phosphate medium
in the presence of Cohn’s fractions T—ITI
or of very-low-density lipoproteins a sti-

TABLE XI

Effect of ambient electrolyte concentrations on
the incorporation of proline to collagen and other
proteins in mature granuloma slices (44)

The figures express % of respective control
(Na 125, K 5 mM).

Na+ K+ A. Collagen B. Non-

mM (hydroxy- collagenous Ratio
proline) protein A/B
20-day granulomas

0 125 33 74 0.45
120 0 32 107 0.30
120 5 o100 100 1.00
100 100 70 93 0.76

50 50 300 300 1.00
7-day granulomas

0 125 19 30 0.63
125 0 13 52 0.25
120 5 100 100 1.00




mulation in the incorporation of proline
to collagen hydroxyproline was observed
(+35.5 %, P <0.01). Future research will
show whether this finding is relevant to
the formation of scleroses and fibroses or
to the development of cirrhosis in fatty
liver where the synthesis of collagen is
increased analogously.

‘When various preparations of y-globu-
lins were added to the incubation medium
in the concentrations of 1 %, the synthesis
of collagen was suppressed in proportion
to other proteins (—24.6 %, P <0.01).
Other globulins were without effect. The
whole pattern remains to be elaborated but
is of obvious interest and importance.

Silica, acid mucopolysaccharides, serum
albumin. The dust lung is caused almost
specifically by silicium particles, but no
effects are produced by quartz in wviiro.
However, silica gel seems to stimulate the
functions of the fibroblasts in slices
(+49.7 %, P <0.001).

The acid mucopolysaccharides are close-
ly related to the cell wall. At least heparin
stimulates the fibroblasts to synthetise
collagen (+89.3 %, P <0.025). This eon-
clusion is econfirmed by the inhibition of the
synthetic functions at the addition of
protamine which binds acid mucopoly-

saccharides. The eventual analogous effect
of hyaluronate and chondroitin sulphates
cannot be assessed with this method because
the medium becomes too viscous. Their
effects will be studied with tube granuloma
(p. 23).

If serum albumin is added in the
medium up to 3 % there seems to be a
stimulation of collagen synthesis. Future
work will show whether this depends on
the charges of the protein or on the colloid
osmotic pressure.

Comments

The preliminary evidence presented in
the Appendix suggests that the cell wall is
important in the specific regulation of the
synthesis of collagen and other proteins.
This fundamental biological question can
be generalized to the regulation of cell
proliferation vs. synthesis of extracellular
proteins. With fibroblast and collagen the
problem can be approached with concrete
experiments. The ultimate aim should be
the development of a model of the cell wall
to explain its receptor functions in the
regulation of the gene expression and other
cellular activities.
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